ABSTRACT In this contribution, we propose a fully printed charge amplifier for on-skin biosignal measurements. The amplifier is fabricated on an ultra-thin parylene substrate and consists of organic transistors, integrated bias and feedback resistors, and a feedback capacitor. The fabrication process utilizes inkjet-printed Ag ink for source, drain, gate, and capacitor electrode metallization as well as for the interconnects between the amplifier elements. Dispensed polystyrene, 2,
I. INTRODUCTION
Recently there has been rapid progress in the field of on-skin biosignal measurements [1] , and at the center point of this progress has been the development of ultrathin sensors for electrocardiography (ECG) [2] , [3] , electroencephalography (EEG) [3] , electromyography (EMG) [3] , [4] , and electro-oculography (EOG) [3] , [5] , as well as for temperature [6] , chemical [7] , and arterial pulse-wave measurements [8] , [9] . A fully-fledged lab-on-skin setup [10] may also require antennas for data transfer, an energy supply for powering active components [11] , [12] , preamplifiers for amplifying the otherwise weak biosignals [13] , and ultra-thin conductors for providing the connection between the components [3] . The ultra-thin form factor of the lab-on-skin setup is vital for achieving high skin conformability and enhanced user comfort. Furthermore, it provides more direct coupling between the sensor and the biosignal because the attachment to the skin takes place via van der Waals forces instead of adhesives, which may attenuate the signal. However, the minimal thickness of the devices also makes them very fragile and difficult to re-use, thus in practice, causing them to be disposable. Additive direct printing technologies offer an ideal solution for this problem since they are low cost, have minimal material consumption, and are able to maintain the ultra-thin form factor.
However, this presupposes that all components can be fabricated using printing technologies, which is not necessarily the case. For example, preamplifiers using organic thin-film transistors on ultra-thin substrates have previously been developed [7] , [13] , [14] but they generally use external feedback resistors and capacitors, which are bulky and have to be separately connected to the circuit. Replacing these components with additively fabricated thin-film counterparts is therefore important for the implementation of a truly ultra-thin lab-onskin setup. So far, printed resistors have been fabricated using pristine and doped poly(3,4-ethylenedixothiophene)-poly(styrenesulfonate) (PEDOT:PSS) [16] and PEDOT:PSS mixed with poly(methyl methacrylate) (PMMA) [17] , but the process variation makes them questionable for integration with printed amplifier circuits. A few amplifier demonstrators with integrated PEDOT:PSS resistors exist [18] , [19] , but the reproducibility of their fabrication has not been studied in depth.
In order to increase the reproducibility of the resistor fabrication, we employed a novel type of resistor structure with inkjet-printed silver (Ag) electrodes, dispensed Teflon surface-energy patterns, and dispensed, high-resistivity pristine poly(3-hexylthiophene) (P3HT) [20] in order to miniaturize the physical size of the resistor as much as possible and accurately control its dimensions. Furthermore, we use inkjet-printed Ag electrodes and a parylene dielectric to fabricate parallel plate capacitors with high reproducibility. As a technology demonstrator, we integrated these resistors and capacitors into a fully printed, ultra-thin amplifier as bias and feedback components and showed that the circuit has acceptable gain-bandwidth characteristics for amplifying an arterial pulse-wave signal recorded with a piezoelectric poly(vinylidenefluoride-co-trifluoroethylene) (PVDF-TrFE) pressure sensor. The amplified pulse-wave signal was analyzed for essential features, and clinically relevant indices were calculated based on these. The maximum thickness of the printed circuit is approximately 3 µm, making it a truly ultra-thin setup.
II. MATERIALS AND METHODS

A. THE AMPLIFIER FABRICATION PROCESS
Carrier substrates were cut from sheet glass of 0.7 mm thickness. Fluoropolymer Teflon (AF1600X, Chemours Inc.) was dissolved in Fluorinert FC-43 (3M Inc.) of one weight percent (wt%) and spin coated on the carrier substrates in order to form a release layer. This was followed by chemical vapor deposition (CVD) of a 1 µm thick parylene layer (dix-SR, KISCO Ltd.) with a parylene coater (PDS 2010, Specialty Coating Systems). The first metallization layer conductors, the capacitor bottom electrode, and the transistor gate electrodes were inkjet printed with a Dimatix Material Printer (DMP-2831, Fujifilm Dimatix Inc.) using Ag-nanoparticle ink (NPS-JL, Harima Chemicals) with a 10 pl cartridge, 60 µm drop spacing, and a 50 • C stage temperature. The samples were then sintered for one hour at 130 • C. This was followed by CVD of an approximately 150 nm thick parylene layer in order to form the gate and capacitor dielectric. The source, drain, and resistor electrodes were inkjet printed with Ag-nanoparticle ink (NPS-JL) and sintered at 130 • C for one hour. In order to control the spreading of the semiconductor/resistor ink, Teflon fluoropolymer (1 wt% AF1600X in FC-43) surface energy patterns were dispensed using dispenser equipment (Image Master 350 PC, Musashi Engineering) with the following process parameters: 4 kPa discharge pressure, 20 mm/s dispensing speed, a 30 • C syringe, and a 60 • C stage temperature. The samples were immersed in a 20 mM solution of isopropanol and pentafluorobenzenethiol (PFBT; TCI Inc.) for 5 minutes at room temperature to form a self-assembled monolayer that reduces the contact resistance between the source/drain and the organic semiconductor [14] . A solution of 0.2 wt% polystyrene (PS) and 1.0 wt% dithieno [2,3- 
in mesitylene was dispensed to form the p-type organic semiconductor channel for the transistor using the following process parameters: 2 kPa discharge pressure, 20 mm/s dispensing speed, a 30 • C syringe, and a 30 • C stage temperature. This was followed by dispensing 0.2 wt% P3HT in chlorobenzene with the following process parameters: 8 kPa discharge pressure, 20 mm/s dispensing speed, a 30 • C syringe, and a 30 • C stage temperature. Prior to dispensing, the P3HT ink was filtered using a 0.45 µm polytetrafluoroethylene (PTFE) filter. The samples were left at room temperature to planarize before annealing the PS:DTBDT-C6 and P3HT at 100 • C for 15 min. A thin Teflon fluoropolymer (1 wt% AF1600X in FC-43) passivation layer was dispensed on the PS:DTBDT-C6 and P3HT with the following dispensing parameters: 8 kPa discharge pressure, 20 mm/s dispensing speed, a 30 • C syringe, and a 30 • C stage temperature.
B. ELECTRICAL CHARACTERIZATION
The capacitance of the printed capacitors was measured using an LCR meter (ZM2376, NF). The resistance of the printed resistors was measured using a semiconductor parameter analyzer (4200A-SCS, Keithley).
A schematic of the measurement setup used for the electrical characterization of the amplifier is shown in Figure 2 . For the measurement of the voltage transfer curves and frequency response, a signal generator (33512B, Keysight) was connected to the input of the charge amplifier while monitoring the input and output with an oscilloscope (3000A, Keysight) and providing the supply voltage with a DC power source (E3640A, Agilent). A custom-made buffer amplifier was connected between the amplifier output and oscilloscope input for impedance matching. This unity gain buffer amplifier had an input impedance of 30 G and output impedance VOLUME 7, 2019 567 of 560 . The charge amplification of the proposed printed amplifier was measured by modeling a charge source with a voltage source using a 4.7 nF capacitor connected in series with the output. The measurements were performed in a Faraday gage in order to reduce coupling of external electromagnetic interference to the measurement signals.
C. MICROSCOPY
A confocal laser scanning microscope (OLS3000, Olympus) was used for measuring the lengths of the transistor channels and the lengths and widths of the resistors.
D. PULSE-WAVE MEASUREMENT
The arterial pulse-wave signal was recorded from the radial artery at the distal antebrachium of a healthy 39-year-old male volunteer by using a PVDF-TrFE sensor attached to the wristband setup described in [21] . The signal was sampled at 250 Hz with a 16-bit analog-to-digital converter. An 8.2 nF capacitor was connected in parallel with the sensor in order to decrease the high-pass cut-off frequency of the measurement system. The sensor signal recorded in this experiment was fed to the proposed printed amplifier through a capacitor from a signal generator (33512B, Keysight). The radial augmentation index (rAIx) [22] and reflection index (RI) [23] were extracted from the amplified signal and compared with the same features extracted from the input signal of the amplifier. The feature pointsrequired in the pulse-wave analysis-that is, the amplitudes of early systolic wave P 1 , late systolic wave P 2 , and diastolic wave B (illustrated in Figure 7 )-were calculated as presented in [24] . The two compared parameters are defined as rAIx = P 2 /P 1 and RI = B/P 1 .
III. RESULTS AND DISCUSSION
A. THE PRINTED RESISTOR AND CAPACITOR
As mentioned in the introduction, the main issue with printed resistors before was the process variations. Therefore, it is important to understand the different error sources when designing a printed resistor. The resistance of a resistor depends on the resistivity of the material (ρ), together with the resistor's length (L) and cross-sectional area (A), according to the well-known formula:
where W is the width and t is the thickness of the resistor. Assuming a uniform annealing process for the resistor material, the variation in resistivity should be minimal and the remaining uncertainty in resistance value should be related to the dimensions of the resistor. It has previously been shown that the width and length (W/L) of a printed transistor can be controlled with high accuracy by using inkjet-printed parallel source/drain electrodes and a dispensed fluoropolymer bank to control the spreading of the dispensed organic semiconductor ink (a standard deviation of 8 µm and 1 µm was achieved for W and L respectively in [13] ). Thus, the same process was adopted for the printed resistor: inkjet-printed parallel Ag electrodes and a dispensed fluoropolymer bank to control the spreading of the dispensed high-resistivity P3HT ink (compare Figure 1's parts (a) and (b) ).
In this case, the remaining uncertainty is related to the dispensing process variation. This uncertainty was estimated by dispensing 0.2 wt% P3HT in chlorobenzene on Ag electrodes with ∼1100 µm wide fluoropolymer banks with varying pressures of 6, 8, and 10 kPa (see Figure 3) . In order to isolate the effect of dispensing process variation, the measured resistance values were normalized using the width and length of the resistor according to
where R 2 is the sheet resistance, R the measured resistance, W the width of the fluoropolymer bank, and L is the length of the resistor (i.e., the distance between the Ag electrodes). Based on the histogram of sheet resistance values shown in Figure 3 , decreasing the dispensing pressure from 10 to 6 kPa increased the sheet resistance from 43.06G /2 to 67.98 G /2. The coefficients of variation for 6, 8, and 10 kPa dispensing pressures are 14.9%, 14.2%, and 16.6% respectively. Table 1 shows the accumulative effect of different error sources on a printed resistor of 1100 µm width and 10 µm length, and a 8 kPa dispensing pressure, resulting in the designed mean resistance of R µ = 526.1 M . Since the error sources are independent (L depends on the inkjet printing process, W on the fluoropolymer dispensing process, and t on the P3HT dispensing process), the errors accumulate in quadrature [25] according to:
where denotes the measured standard deviation. The most straightforward way to reduce the accumulative error is to increase the length of the resistor. However, for a given resistance value, doubling the length leads to doubling the width, which may lead to problems if the available circuit area is limited. The fabrication process for the printed parallel plate capacitors (see Figure 1c) was also adapted from the printed 568 VOLUME 7, 2019 transistor [13] where parylene was used as the gate dielectric. The capacitance of a parallel plate capacitor depends on the permittivity of material (kε 0 ), the overlapping area of the electrodes (A), and thickness of the dielectric (d): Assuming constant material parameters, the main sources of variation are related to the dimensions of the capacitor. Figure 4 shows the variation in capacitance for two sample sets taken from different process runs; the coefficient of variation is 2.8%. This demonstrates that the thickness of parylene and the overlapping area of the electrodes can be controlled with high accuracy.
The transistor fabrication process was adapted from previous studies [13] , [14] , [15] . For example, in VOLUME 7, 2019 569 reference [15] transistors with similar parylene gate dielectric thickness (∼150 nm) and channel length (∼10 µm) were fabricated and characterized. The results showed that the dielectric capacitance per unit area was 24.3 nF/cm 2 at 100 Hz while the mobility was 1.1 cm 2 /Vs, threshold voltage −0.26 V, and subthreshold slope 100 mV/dec at 2 V supply voltage. Despite the 150 nm parylene gate dielectric thickness, the gate-source leakage current was less than 10 pA.
B. THE DESIGN OF THE CHARGE AMPLIFIER WITH INTEGRATED RESISTORS AND CAPACITOR
We designed a charge amplifier that was composed of an organic pseudo-CMOS inverter, including a bias resistor (R 1 ), a feedback resistor (R 2 ), and a feedback capacitor (C 1 ). Pseudo-CMOS inverters have the advantages of a higher gain and a wider output voltage range than PMOS inverters and require fewer process steps than CMOS inverters. A smallsignal model gives the relationship between input voltage and output voltage as
Considering that the current at the input terminal is equal to the sum of the current through R 2 and C 1 :
we obtain the output voltage:
as a function of charge Q at the PVDF-TrFE pressure sensor. This formula shows that this charge amplifier has high-pass characteristics with a lower cutoff frequency of
and that the charge-voltage gain A charge above f LC is given by
if the open-loop gain A open is much higher than unity. 
C. THE ELECTRICAL CHARACTERIZATION OF THE CHARGE AMPLIFIER
The voltage transfer characteristics (VTCs) of eight fully printed pseudo-CMOS charge amplifiers were measured at 2 V, 3 V, 4 V, and 5 V supply voltage (V dd ) levels by sweeping the input voltage (V in ) from 0 to V dd + 0.5 V while measuring the output voltage (V out ). The data was smoothed using a Savitzky-Golay filter with a third-order polynomial in order to reduce the effect of the measurement noise in the clarity of the VTC graphs. The resulting graphs are plotted in Figure 5 . The measured range of the transition voltage (V trip ) is ∼0.42 V for all V dd , showing uniform behavior of the organic circuits (similar results were previously obtained in [14] ). The small-signal gain (dV out /dV in ) was then calculated based on the VTC curves. For V dd = 5 V, the average small-signal gain was 11.3 with a standard deviation of 2.2 so that the coefficient of variation is ∼20%. A large variation in the small-signal gain is expected because the gain in the first stage of the pseudo-CMOS inverter is proportional to the value of the printed feedback resistor (a 9.1% coefficient of variation; see Table 1 ). Based on Table 2 , it is apparent that the amplifiers fabricated here compare favorably to other printed amplifiers. The operating voltage can be set between 2 V and 5 V, but reducing it will come at the expense of the gain (as is apparent from Figure 5 ). Also, it is important to note that the amplifiers presented in this contribution are the only ones in Table 2 that use printed passive components.
The effect of feedback resistance was estimated by printing two amplifiers with different feedback resistances. The frequency responses of these amplifiers are shown in Figure 6 . In order to simulate a signal measured with a piezoelectric sensor, a 4.7 nF capacitor was connected in series between the input of the amplifier and the signal generator, as explained in Section II-B.
As can be seen from the amplitude response graph, this transforms the amplifier from a low-pass filter to a bandpass filter where the upper cutoff frequency is governed by the performance of the organic semiconductor (in terms of mobility, contact resistance, etc.) and the lower cutoff frequency by the value of feedback resistor (R 2 ) and capacitor (C 1 ), according to Equation (7) .
It was possible to adjust the f LC from 320 mHz to 60 mHz by increasing the value of the feedback resistor four fold 570 VOLUME 7, 2019 (i.e., by increasing the distance between the silver electrodes). The upper cutoff frequencies were approximately 36 Hz and 32 Hz for low and high f LC amplifiers respectively. The ability to adjust the f LC is important in many emerging applications of piezoelectric sensors. For example, in the case of arterial pulse-wave measurements, an f LC of ∼50 mHz is required to acquire all the important signal features needed for reliable diagnosis [21] . However, higher f LC (lower feedback resistance) reduces the Johnson-Nyquist noise of the feedback resistor so it is important to optimize the f LC . In addition to frequency response measurements, the integrity of the amplifier output signal was verified by comparing it to a fitted sinusoidal function; the coefficient of variation for the residual was approximately 0.8%, proving that the output signal is not distorted. For amplification of the signal from a piezoelectric sensor, a more useful figure of merit is the charge amplification, which can be calculated as where Q is the input charge, Cis the input capacitor used in the measurement, and V is the amplitude of the input voltage. Charge amplification at the pass band was 1.596V/nC and 1.255V/nC for low-and high-f LC samples respectively. Considering a typical value for PVDF-TrFE d 33 of −26 pC/N [26] , these amplifiers would produce 41 mV/N and 33 mV/N signals.
D. BIOSIGNAL AMPLIFICATION
Lastly, the arterial pulse wave was recorded from the radial artery of the right arm at the distal antebrachium using a PVDF-TrFE sensor attached to a wristband setup that was described in a previous study [21] . The voltage signal generated by the sensor was then fed from the signal generator, through a 9.4 nF capacitor to the f LC = 60mHz transimpedance amplifier. Figure 7 presents the results of the pulse-wave measurement. Figure 7a shows the inverted input of the amplifier and Figure 7 , parts b and c, shows the amplifier output with and without digital low-pass filtering (a cut-off frequency of 10 Hz with a 10 th order Butterworth-type filter implemented as forward-backward filtering). In Figure 7c , the VOLUME 7, 2019 571 feature points of early systolic wave P 1 , late systolic wave P 2 , the dicrotic notch, and diastolic wave B are also shown. A comparison of the values calculated for rAIx and RI from the sensor signal ( Figure 7a ) and low-pass-filtered amplifier output (Figure 7c ) is presented in Table 3 for a time series based on 25 consecutive pulse waves. Even though the amplifier increases the amount of high-frequency noise in the signal (Figure 7b ), this does not significantly distort the actual pulse waveform and the calculated pulse-wave parameters when only the frequency band relevant for pulsewaveform analysis is considered, as demonstrated in Figure 7 and Table 3 . The differences between the parameter values extracted from input and output signals are not greater than the natural beat-to-beat variation caused by changing physiological factors.
IV. CONCLUSION
A fully printed ultra-thin charge amplifier with integrated feedback / bias resistors and a feedback capacitor working at a 2 to 5 V operating voltage was demonstrated. 
